Introduction
OVER the last few years our laboratory has been studying reflex changes in the mechanical properties of the intact canine aorta. It was shown that after slight haemorrhage at any given pressure P the diameter D of the descending thoracic aorta decreased, whereas dP/dD increased, indicating a change in smooth muscle activity (PIEPER and PAUL, 1969) . Volume expansion was shown to have the opposite effects (DUJARDIN et al., 1980a) . In those experiments a pump was used to obtain comparisons at particular levels of aortic pressure; thus the observed changes could orlly be due to active changes in smooth muscle tone.
Measurements of aortic characteristic impedance Z c were also obtained after reflex adjustment to the same stimuli. Defined as the ratio of pulsatile pressure to pulsatile flow in the absence of reflected waves, Z c is determined primarily by the dimensions and mechanical properties of the aorta and ~s an important component of the left ventricular afterload (M1LNOR, 1975) . The relatively large radius and low wall viscosity of the canine aorta (M1LNOR, 1982)present conditions of negligible frictional losses in which Zc may be considered as a real, frequency-independent constant (Wou-ERSLEY, 1957) . Using both the traditional frequency-domain method (DuJARDIN et al., 1980b) as well as the time-domain method (DuJARDIN and SXONE, 1981) Zr was shown to be increased after haemorrhage and decreased after volume expansion, a finding which could be expected from the previously measured changes in the local aortic pressure/diameter relationship. However, since the traditional frequency-domain method required steady-state conditions, pumping was not possible and measurements of Zc had to be made only at the prevailing level of mean arterial pressure which resulted from the experimentally induced changes in blood volume. Thus passive pressure dependent mechanisms could have contributed to the observed changes in Zc, and consequently the contribution of active changes in Z c could not be separated from the passive pressure dependence of Z c.
The purpose of this study was to evaluate the individual contributions of both active and passive mechanisms which alter aortic Zc. The time-domain method was used because it does not require a steady-state condition to be present in the arterial system.
Methods
Experiments were performed on ten adult mongrel dogs ranging in weight from 24 to 29kg. All animals were premedicated with morphine sulphate (2 mg kg-1 IP) and anaesthetised with sodium pentobarbital (20mgkg-1 IV). Respiration was maintained with a positive-pressure respirator (end-expiratory pressure held at 4cm H20) using oxygen-enriched air.
A left thoracotomy was performed at the level of the fourth intercostal space. Lung tissue was packed dorsally with saline moistened gauze sponges, and the pericardium was opened exposing the base of the ventricles. Ascending aortic flow was measured with a gated sine-wave electromagnetic flowmeter (Biotronex Laboratory, . By careful selection of the probe size, constriction of the ascending aorta was avoided. The frequency response of the flowmeter was limited by the output filter, which had a cutoff frequency of 50Hz. The flow probes were precalibrated as previously described (DuJARDIN et al., 1980b) . The average of the electrical signal during diastole was taken as the zero flow baseline.
Lateral pressure was measured at the level of the flow probe by means of a high-fidelity catheter-tip transducer (Millar Instruments, PC-360) inserted via the left carotid artery and positioned with the aid of a fluoroscope. Aortic pressure and flow waveforms were digitised at a rate of 1000 samples s-1 each (14-bit resolution) and stored on magnetic disk for later analysis by a PDP-L1/34A computer.
To study the aortic characteristic impedance over a wide pressure range, an external pump (PIEPER and LEVERETT, 1964; P1EPER and PAUL, 1969) was used. The pump's piston chamber was coupled to the arterial system by means of a stainless-steel cannula inserted into the left femoral artery and advanced until its tip extended 1 mm into the abdominal aorta. When activated, this pump produced slow oscillations (period = 5 s, two complete cycles) in aortic pressure by sinusoidal displacement of 50-60 ml of blood. The pump was used only once for each of the six experimental conditions.
Experimental protocol
After the control (CON) recording, the following interventions were used: a haemorrhage (HEM) of 15 per cent of the estimated blood volume (EBV = 92mlkg -1) after which the blood was reinfused to obtain a new control (NC). This was followed by two levels of blood volume expansion; 15 per cent (HAF) and 30 per cent (VOL) using dextran70 (Macrodex, Pharmacia Laboratories). Finally, to study the 15 aortic Z~ in the absence of alpha-adrenergic smooth muscle tone, a recording was made after a slow infusion of phen-," oxybenzamine hydrochloride (DBZ, Dibenzyline, Smith E Kline & French Laboratories) 5mgkg -1 in saline o (5mgml-1).
zEa" 12 The haemorrhage, reinfusion and volume expansions took approximately 2 min each. Recordings were taken 5 rain after the end of each intervention with the exception of the DBZ recording, which was taken 30min after administration. 9
Data analysis
Previous work from our laboratory has shown that aortic 175 Z~ can be determined from recorded pressure and flow waveforms using the time-domain method (DuJARD1N and 50 STONE, 1981) . Briefly, since the early ejection portion of the ascending aortic pressure and flow waveforms are to a first ~ 17s approximation reflection free, their relationship (AP/A0) can be used to determine aortic Z c. Although the time~o domain method does not require the arterial system to be in a i 5o steady state, it has not as yet been applied under conditions o of pump-induced pressure changes. The present modification of the time-domain method was thus designed to be 175 used during forced oscillation in mean arterial pressure, and hence to be used to determine the passive pressure depen-50 dence of Zr This dependence could only then be separated from active changes in Z~ brought about by the acute experimental changes in blood volume.
Fig. 1 Digitised pressure and flow waveforms were recalled from computer-disk storage and displayed on a digital oscilloscope (Nicolet Explorer III) interfaced to the main computer (STONE and DUJARDIN, 1982a) . Both waveforms were filtered digitally with a cutoff frequency of 50Hz, roll-off 100dB decade-1. The flow trace was shifted in time with respect to the pressure trace to correct for spatial separation between transducers and for flowmeter delay time. Corrections were never larger than 6ms. The criterion used for correct alignment of both waveforms was coincidence of the incisura with the peak of the negative backflow in the flow tracing.
Pumping induced slow oscillations in aortic pressure with the cardiogenic pulsations superimposed. Consequently, for successive pulses the aortic valve opened at different aortic pressure levels. Thus, for each cardiac pulse, AP/AQ measured during early ejection was obtained at a different pressure and Z c could be determined over the pressure range caused by the pumping. To obtain the value of Zr during pumping a small baseline correction for the pressure change was used, because the rate of change of the diastolic pressure decay .just before ejection had a different value during pumping than it had under steady-state conditions. The decay rate, determined by a least-squares procedure, was more negative during the withdrawal phase and less negative during the infusion phase. Since this pressure decay served as the baseline upon which the early ejection pressure change AP caused by A0 was superimposed, a correction term was added to the rate of the early ejection pressure change to compensate for the Varying baseline during pumping. This correction term was equal to the difference between the rate of the diastolic pressure decay .just before ejection under steady-state conditions and the value of this rate during pumping. Thus the correction term was vanishingly small during the steady-state period .just before the onset of pumping, and the value of Z~ was then equivalent to that determined using no correction term as previously described (DuJARDIN and STONE, 1981) .
In each experiment Z~ was plotted as a function of pressure under all six conditions. For each determination of Z~ a pressure value was assigned equal to the average pressure in the interval used for the calculation of the slope AP/AQ. The top half of Fig. 1 is such a plot which includes only the conditions of CON, HEM and VOL. Second-order polynomial regression analyses were performed for each condition in each experiment, yielding parameter estimates for the equation
Tests for significance of the individual parameters were output for each analysis. The solid curves in Fig. 1 are the regression curves generated for the three conditions shown. The value of Z~ at the steady-state mean arterial pressure level for each condition was calculated from the regression parameters (Table 1 ). This value was always close to the average Z~ determined directly from the steady-state cardiac cycles.
The same parameters were also used to calculate Z~ at pressure intervals of 0"5 kPa for each condition. Statistical comparisons were performed at each of these pressure levels and the results were expressed as percentage changes in Z~ (Fig. 2) . HEM was compared with CON using a paired t-test. The three interventions HAF, VOL and DBZ were compared with NC using one-way analysis of variance with repeated measures followed by Newman-Keuls post-tests.
Results
Acute changes in circulating blood volume altered the steady-state mean arterial pressure level as indicated in Unmarked points are significant at p < 0.01; ~: p < 0-05 Table 1 . HEM reduced the mean arterial pressure compared with CON. When compared with NC, DBZ also resulted in significant reductions in pressure. Pumping caused the arterial pressure to oscillate around the prevailing steady-state mean arterial pressure level present under each condition. As a result, values of Z~ were determined from the early ejection pressure/flow relationships at varying levels of arterial pressure.
An example of the pressure/flow relationships obtained during pumping for three conditions is given in Fig. 1 . The bottom half of the Figure shows the recorded early ejection pressure/flow trajectories and the superimposed leastsquares straight lines. Only a subset of the recorded pulses during the pump infusion phase is drawn for clarity. Each upstroke began near zero flow but started at different pressure levels. The linearity of the pressure/flow relationship is also evident. The correlation coefficient was always greater than 0.983. Some of the variability in the slopes of the pulses for a given condition was due to the changing pressure baseline induced during pump infusion and withdrawal as previously explained.
The values of Z c obtained from the early ejection pressure/flow relationships in the bottom half and corrected for the changing baseline are plotted as a function of pressure in the top half of Fig. 1 . Data from pump infusion as well as withdrawal phases are included in these plots. The solid curves drawn through the points are the calculated regression curves. The quadratic coefficient was positive in 50 of the 60 analyses, causing most of the generated curves to exhibit a minimum. Owing to the scatter in the data set this coefficient was significantly positive in only 22 of the analyses, yet it was never significantly negative (p < 0.05).
When compared with CON, it can be seen that HEM increased Z~ and VOL decreased Z~ over a wide pressure range; i.e. the pressure/flow trajectories generally showed a greater change in pressure for a given change in flow with HEM, whereas after VOL a given change in flow resulted in a smaller pressure change. Although not shown in this Figure The values ofZ c at the mean arterial pressure are shown in Table 1 . HEM resulted in an average increase in Zc of + 37.4 per cent. HAF, VOL, and DBZ reduced the aortic Zr an average of -17.2 per cent, -28.0 per cent and -26"0 per cent, respectively, when compared with NC.
Discussion
This study has clarified the mechanisms responsible for the change in aortic characteristic impedance observed after haemorrhage and volume expansion. By measuring Z c at selected pressure levels induced by pumping, the effects of changes in smooth muscle tone on Z c were separated from the passive pressure dependence of Z c. The aortic smooth muscle tone was also changed by alpha-adrenergic blockade. In all animals, the lowest values of Zc were always found after the removal of the alpha-adrenergic tonic input.
Z~ was obtained over an extended pressure range under each experimental condition by varying the arterial pressure at a rate of (}2Hz using an external piston pump. Previous experiments from our laboratory (PIEPER and PAUL, 1969) as well as by others (TAYLOR, 1966; KENNER, 1971) 
Changes in aortic smooth muscle activity were elicited by acute alterations in circulating blood volume and by alphaadrenergic receptor blockade. It has been shown that these stimuli cause large changes in the level of activity of the aortic smooth musculature (PIEPER and PAUL, 1969; STONE and DUJARDIN, 1982b; DUJARDIN et al., 1980a) .
Curves relating Z c to pressure were usually well described by second-order polynomial regression analyses as shown in Fig. 1 . Examination of the lower half of the Figure shows that at the low and high pressure extremes available in the three conditions, the pressure/flow trajectories tended to show greater pressure changes for given flow changes. Thus Z~ tended to be higher at these pressure extremes, as shown in the top half of the Figure. Other investigators have reported U-shaped curves relating Z c to pressure using both in vivo and in vitro preparations of vascular smooth muscle. PETERSON (1954) found such a curve between a pumpinduced acceleration transient and pressure for the in vivo canine aorta. The transient was presumably related to aortic Z c since it resulted from the rapid injection of fluid. Working with isolated canine iliac, carotid (Cox, 1976) and splenic arteries (MoNos and Kovgcn, 1980) , curves relating Z c to pressure were found to be U-shaped when these vessels became activated with noradrenaline. Isolated rabbit and rat carotid arteries (Cox, 1978) , bovine internal thoracic arteries (MoNos et al., 1983) , as well as canine vertebral arteries (MoNos, 1981) showed parabolic curves under both active and passive conditions. A similar relationship was seen from one autopsy specimen of human aorta (LANGEWOUTERS et al., 1981) .
In a recent study from our laboratory, in vivo descending thoracic aortic Z c was calculated from the locally measured pressure/diameter relationship (STONE and DUJARDIN, 1984) . Using that method, curves relating Z~ to pressure were also well described by parabolic functions under the same six experimental conditions used in the present study. Thus the data from the present study as well as from others strongly suggest that the in vitro and in vivo Z~ of larger arteries (particularly the aorta) is indeed pressure dependent under widely varying levels of smooth muscle tone.
Some important distinctions should be made between the data obtained in this study and that of our previous study (STONE and DUJARDIN, 1984) . The present data describe the pressure dependence of the characteristic impedance of the entire proximal arterial tree from measurements obtained during systole. MILNOR (1975) points Out, however, that it is the compliance of the first few centimetres of the aorta which is the most important contribution to this measurement. In the previous study, only the local behaviour of a particular portion of the descending thoracic aorta was described from measurements obtained during diastole. Thus the results of the two different methods to obtain the pressure dependence of Zc are not directly comparable but complement each other. The advantage of the pressure/flow method is that it is a simple, integrative method which yields information directly related to the ventricular load, while the disadvantage of the method lies in its lower signal-to-noise ratio.
To study the active component of the so-called 'aortic smooth muscle reflex' in the absence of passive pressuredependent effects, evaluations of Z~ must be performed at given levels of mean arterial pressure. The pumping technique in conjunction with the curve-fitting procedure used in the current study allowed such comparisons to be made (Fig. 2) . At the specific pressure levels indicated, active changes in smooth muscle tone resulted in significant alterations in Zc. The activation of aortic smooth muscle
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which resulted from haemorrhage caused Z c to increase an average of 16 per cent over the pressure range indicated. On the other hand, those stimuli which reduced aortic smooth muscle activity resulted in graded reductions in values of Zc (HAF, VOL), while the lowest values were observed after alpha-adrenergic receptor blockade.
The effects of HEM and VOL on aortic Z C have previously been studied using measurements of pressure and flow subjected to harmonic analysis (DUJARDIN et al., 1980b) .
Since perfect periodicity is a prerequisite for that technique, pumping was not possible, and the measurements were made at different steady-state mean arterial pressure levels. HEM increased Z C an average of +30.4 per cent and VOL decreased Z~ an average of -27.6 per cent in that previous frequency-domain study. In the present study, the percentage changes in Z c with HEM and VOL determined from the regression curves analysed at the prevailing steady-state mean arterial pressure levels were + 37.4 per cent and -28-0 per cent, respectively. Thus these results confirm those of the previous study and extend the findings to include an intermediate level of volume expansion and alpha-adrenergic receptor blockade (Table 1) .
Previously, it was not clear whether the changes in Z c were due to active changes in smooth muscle tone or to the passive pressure dependence of Z c. In the present study the individual contributions of the passive pressure dependence and the active Z~ changes could be calculated. Such an analysis for the case of HEM compared with CON is shown from one experiment in Fig. 3 . The arrows indicate the points on the curves corresponding to the steady-state mean arterial pressure level under the two conditions. If the fall in pressure which occurred as a result of HEM had not been accompanied by the active smooth muscle response the value ofZ c would have been that value located on the CON passive curve indicated by the closed circle. The average magnitude of the passive increase in Z c along the CON curve for all ten experiments was +19.8 per cent of the control values (p < 0.01). The average magnitude of the active increase in Zc as .just described was + 17.6 per cent (p < 0.01). These two components summate to produce the total increase in Z~ of + 37-4 per cent seen comparing CON with HEM at the appropriate mean arterial pressure levels.
The effects of alpha-blockade were also investigated at specific levels of pressure over a wide pressure range (Fig. 2) . The decrease in Z~ observed must therefore reflect the normal level of alpha-adrenergic tone present in the anaesthetised dog. The advantage of the pumping technique used in the present study is to unmask the active changes brought about by receptor blockade from the passive changes which are secondary to the changes in the mean arterial pressure. The finding that ascendingaortic Z c has a minimum value may be important, since left ventricular pulsatile power would also be minimised. Further experiments are needed to determine the functional significance of the interaction between control mechanisms which actively alter aortic smooth muscle tone, and the passive pressure dependence of the mechanical properties of the aorta.
